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FOREWORD

This report describes research performed by Universal Energy Systems,

Inc., Dayton, Ohio, The work was conducted under Contract F33615-75-C-

———————

1082. "Investigations of Methods of Plasma Excitation", Task III “Electron
Trénsmission Trhough a Vibrationally Excited Gas".

The work reported herein was performed during the period 9 December
1974 to 16 May 1977 at the in-house facilities of the High Power Branch
(POD-2 Bldg. 450), Aerospace Power Division (P0), Air Force Aero Propul-
sion Laboratory, Air Force Wright Aeronautical Laboratories, Wright-
Patterson Air Force Base, Ohio. The work was conducted by the author,
Mr. Charles A. Dedoseph, Jr. Research Physicist. The report was released

by the author in June, 1977.
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SUMMARY

An existing low energy electron spectrometer known as LEEMA (Low
Energy Electron Monochromatic Analyzer) was modified for the study of
pre-excited gases. The design allowed the gas under study to be pre-
excited in a low power S-band microwave cavity before entering the
scattering region for study. The LEEMA was also modified to allow the
derivative of the transmitted electron current to be monitored. Fol-
lowing these modifications, the device was used to study the electron
transmission through vibrationally excited nitrogen in the energy
range 1.0-3.5eV. This study lead to the observation of electron scat-
tering taking place from vibrationally excited nitrogen in the v=1 and

v=2 states. Energy resolution in the measurements was 0.leV.
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SECTION I
INTRODUCTION

While a significant data bank is available in the field of low

energy electron scattering from ground state atoms and molecules,

there are only a few reports on scattering from metastable target
species.!™* With interest in high energy loading of gases for dis-
charge lasers, the latter has become important. The displacement of
significant cross sections to lower energies will alter the electron
energy distribution with subsequent changes in the power loading of
the vibrational manifold. One type of scattering experiment which
would yield some of this needed data is the type usually referred to
as an electron transmission experiment.® Electron transmission
studies of gasses using nearly monoenergetic electron beams have
become increasingly important in recent years with the discovery of
temporary negative jon states in atoms and molecules.® These resonant
states have been found to be important mechanisms for both electronic
and vibrational excitation and have been shown to be the primary mech-

anism for direct ground state vibrational excitation in many molecular

species.’” Studies of this type have been performed on more than a

dozen atoms and diatomic molecules,®*’ and a few polyatomic species.®»8s?®
Until very recently this data only involved high resolution studies of
ground state species, with apparently no data available on transmission
through excited state gasses. Therefore, as a first step toward gath-
ering data to fill this gap, a program was undertaken to measure the
electron transmission through vibrationally excited nitrogen in the
energy range 1.0 to 3.5 electron volts with about 0.1 electron voit

resolution.
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A simplified electron transmission experiment is shown in
Figure 1. The experiment is the electron analogue of an optical
absorption measurement using a monochromatic source. The collimated
beam of electrons of energy E passing through the cell is attenuated

according to the expression®
I(E) = Io(E) exp[-no(E)AX], (1)

where I(E) is the electron current leaving the cell, I,(E) is the
electron current entering the cell, n is the number density of gas
particles in the cell, AX is the path length through the cell, and
o(E) is the total scattering cross section of the particles at energy
E. Such factors as cell geometry, stray electric and magnetic fields,
and the finite energy spread of the beam alter the form of equation
(1);10 however, it essentially remains the basis for all electron
transmission measurements. The exponental term, which depends on
path length, species present, number density, and electron energy, is
usually referred to as the electron transmission function. If a
number of different species is present in the cell, the transmission

11
function becomes

9(E) = exp[-aX-Zn o, (E)] (2)
1

where the index i refers to the ith

species and n and o(E) are as
before. It can be seen from equations (1) and (2) that by measuring
I(E) and I4(E), the transmission function g(E) can be determined.

Then, in the case of a single scattering specie, if one knows the

e




icr ot o bt s s
N —

ST AN, ¢

INIWIY3dX3 NOISSIWSNWYL NO¥LI3F13 3II4I1dWIS - T F¥N9Id

TTI=DO
butaxajzjeos ?0INnosg
uox3loaTd
1
TV
=
e u,
i
i
IO3IODTTOD uesg uox3o09Td

po3euTITOD




number density n and the path length AX, the total scattering cross
section can be determined from g(E).
In most high resolution transmission experiments only "fine

structure" in the total scattering cross section is of interest, thus

changes in g(E) that are slowly varying with energy are not important.

Since Io(E) is also a slowly varying function of energy (usually),
this slow variation is also not of interest. Therefore, in most high
resolution transmission experiments only I(E) is measured or, more
desirably, only the derivative of I(E) with respect to energy is
measured. The latter measurement is usually made by modulating the
energy of the beam and phase sensitively detecting the modulated

component. Both of these variations of the general transmission

experiment were used in the study described on the following pages.




SECTION II

RESONANT SCATTERING

Resonances are responsible for producing sharp structure in a
broad class of scattering experiments to which low energy electron
scattering experiments belong.12 This sharp variation in the cross
section at some resonant energy ER is related to the existence of a
"nearly bound state"12 of the projectile electron and the target atom
or molecule. For this reason, the resonances that occur in low energy
electron scattering are often referred to as temporary negative ion
resonances. A number of excellent reviews on this type of scattering
phenomenon have been presented from both a theoretical and experi-
merital point of view. Burke13 and Smithlu have discussed the theory
as applied to atoms while Bardsley and Mand]15 have addressed molecular
resonances. Tay]or16 has discussed the models, interpretations and
calculations associated with the process for both atoms and molecules.
Excellent reviews of the experimental data, along with some theory,
have been given by Schulz for atoms5 and diatomic mo]ecu'les,7 and very
recently, for a number of species associated with laser p]asmas.17 A
brief overview of the subject will be presented here, along with the
specific details of the e-N, system. The discussion will rely heavily
on the material presented in the aforementioned references. As men-
tioned earlier, the term "temporary negative ion resonance" is used to
describe the resonances in electron-atom and electron-molecule scat-
tering because the "nearly bound state" is one composed of the neutral
target and the negatively charged projectile. At a particular energy,

ER’ the projectile electron may become loosely bound in the "field" of

5=




the target and become trapped for a time long compared with the normal
transit time. The "field" may result from exchange forces, polariza-
tion forces, or some other forces resulting from the presence of the
projectile. This results in a quasi-bond system of target and projec-
tile, which decays via emission of the electron. Thus, the state is an

autoionizing state. The time dependence of the wave function, y, of

5 1S
such a system can be written

¥ « exp(-iWpt/ )

with complex energy

1]
m
1
\_

Then

lw|? = exp(-Tpt/ )

where h is Planck's constant divided by 2w, ER is the energy of the re-
sonance, and Tp is called the width of the resonance. Thus, the state
decays with a Tifetime of'ﬁ/FR. Lifetimes for these temporary states
normally range from approximately 107! to 1072 seconds,®*’ however,
isolated cases might exceed these limits. Since bound states of atoms
and molecules typically have 1ifetimes on the order of 107° to 10~7 sec-
onds, it is clear that these temporary states do not fall into the range
normally assigned to bound systems. The corresponding widths of these
states range from about leV to 10 “eV.

Resonances in electron scattering can be classified into two
catagories which Taylor calls Type I and Type II.!® The classifi-

cation is based on the energy at which the resonance occurs relative

T
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to an excitation threshold of the target. Type I, which are also
known as Feshback, compound state, or hole-particle resonances, occur
at energies roughly 0.5eV below an excitation threshold of the target. ﬁ
The excitation threshold here normally belongs to an electronic state
of the target; however, the threshold can belong to a vibrational
level of the electronic ground state of a molecule. BardsleylS refers
to these states as nuclear-excited Feshbach resonances. Mechanisti-
cally, the projectile electron can be imagined to excite an outer

electron to a higher level, thereby creating a "hole" in the core

electron cloud. This allows the projectile to "see" part of the
nuclear field and become trapped in that field. The resonance then
acts as a bound state relative to the excitation threshold of the 1
outer electron.l16 |
Type II resonances, which are also known as shape resonances, |

occur at energies above an excitation threshold of the target. The

threshold can be an excited electronic state of the target or the
ground electronic state. To date, however, no shape resonance asso-
ciated with the ground electronic state of an atom has been observed.5s17

Mechanistically, the projectile is trapped by a "centrifugal barrier

set up by a combination of its angular momentum component and the
potential well it induces by exciting and polarizing the target."16
With a few exceptions, Type II resonances are broader (i.e., shorter

lived) than Type I because the trapping mechanism in the former is

not as effective as in the latter. Since the barrier set up in the
Type II resonance depends in part on the angular momentum of the pro-

jectile, no s-wave (2=0) scattering is expected.l? Thus, the angular




dependence of the scattered electrons also differs in many cases for
the two types. These differences are important because, in many cases,
the energy at which the resonznce occurs is not enough alone to clas-
sify the type. Under conditions of closely spaced excitation thresh-
olds it may be difficult to determine whether a resonance lies above
one threshold or below another.

Resonances occurring in electron-molecule scattering generally
yield more structure in a particular cross section than those in
electron-atom scattering because of the larger number of bound states
of the target. If the resonance is longer lived than the time needed
for the molecule to vibrate, the tempcrary state will possess quasi-
vibrational levels which will contribute structure to the cross section.
This structure can show up in elastic and inelastic scattering as well
as total scattering cross sections. Whether the structure appears in
a particular cross section depends on the relative contributions of
the resonant and non-resonant components of the process. Shape
resonances (Type II) in electron-molecule scattering play an important
role in vibrational and rotational excitation because these channels
are "open" to the decay of the resonance. In nitrogen, for example,
vibrational excitation is dominated by a shape resonance located near
2eV.7515,16  The non-resonant contribution to the process is small.”
The negative ion formed is designated a 2Hg state,” and has a lifetime
of the same order as one vibrational period of N.l!2 Since the reso-
nance has a lifetime roughly equal to a vibrational period of Ny, the
negative ion possesses quasi-vibrational levels. Therefore, low

energy resonant scattering in N, can be described by the reaction
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No(v) + e = Na(v') » Na(v*) + e (4)

where v~ refers to one of the quasi-vibrational levels of N; and v and
v* refer to vibrational levels of N,. If v=v* the process is resonant
elastic scattering. If v<v* the process is resonant inelastic scat-
tering, and if v>v* the process is resonant superelastic scattering.
Figure 2 shows a potential energy diagram taken from Birtwistle and
Her'zenberg19 which illustrates this scattering mechanism. The figure
is a bit misleading since the vibrational levels of N, are not true
bound states. For example, from the diagram one would expect vibra-
tional excitation cross sections for the lower few levels of N, (which
are resonant dominated) to exhibit peaks at energies given by the
difference in energy between the N,(v=0) ground state and the N;(v*)
energy levels. What is observed, however, is that the peaks in the
0+1 cross section are shifted in energy with respect to the 0+2 cross
section.”51% If the negative ion statewere long lived compared to a
vibrational period of N,, each vibrational level of N, would act like
an isolated resonance and the diagram would accurately describe the
resonant dominated cross sections. If the state were very short lived
there would be no vibrational levels at all and Figure 2 would be com-
pletely erroneous. Since N, falls into the intermediate case, the
diagram should be taken as loosely describing the scattering mechanism.
A further complication occurs in trying to predict the behavior of the
elastic and total cross sections because of the large contribution
from the non-resonant process.

The complex low energy electron scattering processes in nitrogen

have been, to date, difficult to describe quantitatively. Much
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experimental data exists,’ but a theory that describes quantitatively
the inelastic, elastic, and total cross sections has not appeared.
Recently, Chandra and TemkinZ® have developed an approach that may
prove capable of describing these cross sections and have compared
their total scattering calculations with the measurements of Golden.2!
While their results are impressive, it appears there is still some
work needed on the general theory. Birtwistle and Herzenbergl® have
developed a "boomerang" model that describes the inelastic scattering
quite well; however, they have not attempted to account for non-reso-
nant effects which are large in the elastic and total cross sections.
Due to the lack of a theory that could accurately predict total scat-
tering from ground state nitrogen, it was difficult to predict what

the electron transmission through vibrationally excited nitrogen would

be.

-11-




SECTION III
DESCRIPTION OF THE EXPERIMENT

The experiment can be broken down into four subsystems: 1) an
electron spectrometer capable of producing a near monoenergetic electron
beam in the energy range of interest, 2) a scattering cell and asso-
ciated gas-handling equipment to introduce the gas under study into the
path of the electron beam, 3) the hardware and electronics necessary to
detect and record the transmitted current, and 4) a means of vibration-
ally exciting the gas before it enters the scattering cell. The elec-
tron spectrometer and the detection subsystem are basically the same as
described by Golden and Zecca,?2? but built by Advanced Research Instru-
ment Systems, Inc. The A.R.I.S. spectrometer is known as the LEEMA,
which stands for Low Energy Electron Monochromatic Analyzer. Figure 3
is a drawing of the LEEMA electron spectrometer. The scattering cell
and collector are also shown to indicate their respective positions.

The gun is cylindrically symetric about the electron beam axis and is
approximately 30.7cm in length and 2.2cm in diameter. Al1 gun elements
are OFHC copper and all apertures and grids are molybdenum. The various
elements are mounted on two alumina rods using stainless steel clamps to
form an "optical bench" configuration. The cathode and elements 1000
and 2000 serve to produce a well-collimated beam of electrons perpendi-
cular to the 3000 element grid (retarding grid). The remaining elements
are needed to produce a beam of small diameter and angular divergence
over a wide range of final beam energies. In addition, elements 1000
and 6000 contain beam deflecting plates which can be used to correct

beam alignment if necessary. The gun is housed inside a Molypermalloy

=12-
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magnetic shield since stray magnetic fields can degrade the performance

of the device. The gun is capable of producing an electron beam with
energy resolution on the order of 0.0leV over an energy range from 0

to greater than 100eV. The electron current is resolution dependent
and goes roughly as 10-7amp/eV at energies greater than 1eV.22 The col-
lection subsystem used in these measurements consisted of a Faraday cup
followed by a current to voltage converter with an equivalent resistance
of 107 ohms. The output of the current to voltage converter was fed via
ac coupling to a phase sensitive amplifier. The particular amplifier
used during the course of the experiment was either an A.R.I.S. model
3000 or a Princeton Applied Research model HR-8 with type "C" preampli-
fier. The output of the phase sensitive amplifier was then fed to the
Y-axis of an X-Y recorder. The X-axis of the recorder was driven by a
voltage corresponding to the accelerating voltage on the electrons.

The LEEMA as supplied by A.R.1I.S. could be operated in either of
two modes. These are referred to by Golden et alll as the Modulated
Retarding Potential Difference (MRPD) mode and the Retarded Energy Mod-
ulation (REM) mode. The discussion of these modes of operation closely
follows that given by Golden et al.!! Figure 4 is a simplified diagram
of the LEEMA electron gun. Electrons leave the cathode with some energy
distribution function F(e) as in Figure 5, and are collimated so that
most reach the retarding grid (RPD grid) perpendicular to it. The vol-
tage on the RPD grid is such that only electrons with energy greater
than E; (Figure 5) pass beyond the grid and these are then accelerated
to the scattering region with energy E. Thus in the scattering region
the electrons have energy E' = ¢ + E, with ¢ > E;, and the distribution

function is given by F(E' - E). When a gas is present in the scattering

«Jle
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cell, the transmission function for the cell is given by equation (2).
Thus the current passing through the gas is just the electron energy
distribution function folded with the transmission function and is

given by
1(E) = IE+E1F(E‘-E)g(E')dE'. (5)

In the MRPD mode of operation, a square wave modulation voltage, AV, is
applied to the retarding grid; thus the minimum energy of the electrons
passing the grid is modulated between E; and E, = E; + AV. Phase sen-
sitive detection of the collected current results in a measure of the

difference between the two signals, thus the measured signal is

S(E) = fgug, FIE'-E)Q(E)dE" - fg,p F(E'-E)g(E')dE",

which is just

S(E) = [, p2F(E-E)g(E" JdE". (6)

Thus equation (6) is an expression for the signal arising from the oper-
ation of the LEEMA in the MRPD mode. In the REM mode of operation, a
square wave modulation voltage, AE, is applied to the scattering cell.
This has the effect of modulating the energy E in equation (5) between E
and E + AE. The difference between the in-phase and out-of-phase com-

ponents of the modulated current is then given by

00

S(E) = Seyppep, F(E'-E-AE)Q(E')AE" - JE o F(E'-E)g(E')dE"

Since E' in equation (7) is only a dummy variable, the equation can be

written as

S(E) = Sgyg F(E'-E)g(E'+AE)E" - Tgag, F(E'-E)g(E")dE®

=16~

(7)
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which is just
S(E) = fgyg, F(E'-E)I9(E"+aE)-g(E") JdE". (8)

Thus equation (8) is an expression for the signal arising from the
operation of the LEEMA in the REM mode.

To get a better understanding of the two modes of operation, con-
sider equations (6) and (8) in more detail. If, in equation (6) one
allows the modulation voitage to become infinitesimal, i.e., AV goes
to &V and E, approaches E;, then S(E) is given by

Limit

avosy S(E) = 8V-F(E;)g(E+E,).

In this 1imit note that 8V-F(E;) represents a current, say I,, of
"monochromatic" electrons, so the equation can be written

LImib S(E) = 1og(E*E,)- (9)
Thus, in the 1imit of infinitesimal modulation amplitudes the MRPD
LEEMA signal is directly proportional to the transmission function,
g(E'), only shifted in energy by an amount E;. From equation (2) it
is clear that g(E') depends in a simple way on the total scattering
cross section of each gas component, so the MRPD mode of operation
yields, in the 1imit of infinitesimal modulation, a direct measure of
the relative total scattering cross section for a given gas component.
Realistically, finite modulation, imperfections in electron beam
focusing, and signal-to-noise limitations alter equation (9) in two

ways. First of all the focusing properties of the electron gun lead

-17-




to a current incident on the scattering region that is energy dependent
and second, the transmission function must be averaged over a finite
"slice" of the electron energy distribution function. Thus a more

realistic form for equation (6) is

S(E) = IO(E){Q(E+E1)}E2’ €, (10)

where the brackets represent an average over the portion of the electron
energy distribution function from E; to E,. By dividing by the no-gas
transmitted current and keeping modulation voltages small, the MRPD
signal given in equation (10) is still a direct measure to the trans-
mission function and thus a measure of the total scattering cross sec-
tion. Equation (8) in the 1imit of infinitesimal modulation voltage can
be written by expanding the part of the integrand containing the trans-

mission function in a Taylor series which leads to

Limit S(E) = o F(E'-E)[%%TGE]dE'

AE+SE E+E;
or,

Limit % o0 N d 1

agss S(E) = OEfg,p F(E'-E)[ghrldE" (11)

Thus in the 1imit of infinitesimal modulation amplitude, the REM LEEMA
signal is a function of the derivative of the transmission function.
Note, however, that the derivative is averaged over a large portion of
the electron energy distribution function; consequently the functional
dependence of S(E) on dg/dE' is not simple. If g(E') does not change
appreciably over the width of the electron energy distribution function,

then the derivative will also not change appreciably, and from equation

-18-
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(11) S(E) will be proportional to dg/dE'. If, however, g(E) changes

rapidly over the width of the distribution function, these changes,
while enhanced by the derivative term, will be somewhat "smeared" over
the distribution function. The effect, therefore, of using the REM
mode of operation is that gradual changes in g(E') contribute a small
amount to the resulting signal while rapidly varying, or "sharp" struc-
ture tends to stand out. Figure 6 is an actual plot of the signals
arising from the two modes of operation, covering the energy range 0-6eV
in N,. Note that the sharp structure in the transmission function is
hardly visible in the MRPD curve with only a broad dip occuring, while
in the REM curve the broad dip is not seen but the sharp structure is
enhanced. The structure in the REM curve does not however simply relate
to structure in the transmission function, thus the curve serves only to
indicate the existence of such structure.

Each of the two modes of operation just discussed possesses desir-
able, but mutually exclusive, characteristics. The MRPD mode of opera-
tion yields a signal whose origin is clearly defined and yields meaningful
information; however, it is somewhat insensitive to small changes in the
transmission function which are important in the identification of reso-
nance phenomena. The REM mode of operation, while being more sensitive
to small changes in the transmission function, yields a signal (even in
the 1imit of infinitesimal modulation) that defies meaningful interpre-
tation in terms of quantities of interest. The Double Modulation (DM)
mode of operation described by Schéwengerdt and Golden,23 offers the
most desirable characteristics of each. In this scheme, modulation vol-
tages of frequency Fy/2 are applied to both the RPD grid and the scat-

tering cell 90° out-of-phase with respect to each other, while the phase
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sensitive detector is referenced to frequency F, (see Figure 7). The
signals that result from each of the four regions follow from the

earlier discussions and are labeled in Figure 7. With respect to the
reference signal, the in-phase signals as registered by the phase sen-
sitive detector are I + III, while the out-of-phase signals are II + IV.
Thus the resulting difference signal is (I + III) - (II + IV) or (I - II) +
(II1 - 1V) which can be written

- = E+E2 v [ 1
I - IT = g p°F(E'-E)g(E" +AE)dE

E+E1 '
III - IV = E+E F(E'-E)g(E")dE

which gives
S(E) = JE,2F(E-E)[Q(E"+2E) - g(E')]dE" (12)

As before, let the modulation amplitudes AV and AE approach the infini-
tesimal amplitudes &V and SE and consider the form of equation (12).

Expanding g(E' + AE) in a Taylor series of first order in AE yields

Limit = +E2 1 '
aEsge S(E) = SESEp2F(E E)[-STJdE

and as AV approaches &V,

Limit
d
AE+SE S(E) = 6E°5V-F(E1)—ﬂr' ; (13)

Letting 8V<F(E;) = I,, equation (13) can be written as

Limit

d
AE~SE S(E) = dE-Ioagrl : (14)
AV+SV etky

Thus in the 1imit of infinitesimal modulation amplitudes, the DM mode
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yields a signal that is directly proportional to the derivative of the

transmission function. In reality, however, the signal suffers from
the same problems as discussed earlier, thus a more realistic expres-

sion for the DM signal is
- . ég.

Where, as before, the brackets indicate an average over the electron
energy distribution function between E, and E,. Therefore the DM signal
has the advantages of both a signal of relatively simple origin and high
sensitivity to "sharp" structure in the transmission function.

The LEEMA electronics were modified to allow it to be operated in
the DM mode, under the guidelines set up by Schowengerdt and Golden.?23
Figure 8 shows a plot of the signal arising from a double modulation
study of the structure in the N, total scattering cross section in the
range 0-6eV. It should be kept in mind that the signal is essentially
a derivative of the transmission function, thus peaks in the curve do
not correspond to peaks in the cross section. To see this more clearly,
consider equation (2) for a single gas component. Substituting this
expression into equation (14) gives, in the limit of infinitesimal mod-

ulation amplitudes
S(E) = ~6ETo-X-ng(E41)3Z |y (16)

Noting that g(E') is a slowly varying function of energy compared to
the more rapidly varying derivative term, one can approximate the be-

havior of equation (16) by
do
S(E) =~ k
(E) = kgE |e+E,

-23-
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Thus, S(E) is roughly proportional to the negative of the derivative
of the total scattering cross section. A minimum in S(E) indicates a
point of maximum rate-of-increase with energy in the cross section,
while a maximum in S(E) indicates a point of maximum rate-of-decrease
in the cross section. Conversely, an extremum in the cross section is
indicated by S(E) = 0.

The discussion of the DM mode of operation of the LEEMA has thus
far been primarily concerned with the resulting signal under the con-
ditions of infinitesimal modulation. As pointed out earlier, however,
this is not a realistic situation; therefore, some mention of the

), effects of finite modulation amplitudes is in order. An exact expres-
sion for the functional dependence of S(E) on o(E) is not possible in
the case of finite modulation amplitudes since this requires one to

' know precisely the form of the electron energy distribution function
at the scattering cell. However, some general procedures can be fol-
lowed so that, to a recognized uncertainty, the curves follow the gen-
eral behavior of equation (14). From equation (13) it can be seen that

1 as either SE or &V approach zero, so does the signal. Therefore, the
Tower limits on the size of the modulation voltages are governed by the
point at which the signal-to-noise ratio becomes intolerably small.
This point is reached when the integration time for a measurement ex-
ceeds the confidence 1imits on the instrumental drift. At these lower
limits one needs to consider two effects that result from the size of
the modulation voltages. Since the "slice" of the electron energy dis-
tribution function in equation (15) is finite, the resolution of the
instrument is also finite. Schowengerdt and Golden2?3 have studied this

1 aspect of the DM mode and found that the resolution is approximately

=25




equal to the average value of the two modulation amplitudes. The other
consideration is how closely S(E) is to a true derivative of the trans-
mission function. This, to a large degree, will depend on the form of
g(E') which effects the accuracy of the Taylor expansion used in the
derivation of equation (14). While these effects may appear indepen-
dent, they are in fact intimately related. If, for example, g(E') varies
slowly with respect to both modulation amplitudes, this implies that the
Taylor series expansion is probably a good approximation, to first order
in AE, and the resolution will, by definition, be very good. Conse-
quently, if the resolution of the instrument is very good, one can be
reasonably certain that the signal closely follows the form of equation
(14). In practice, one usually begins with large modulation voltages,
then monitors the widths of any structure as the voltages are decreased.
When the changes in width become insignificant with a decrease in modu-
lation voltage, S(E) is assumed to very closely follow the form of equa-
tion (14). If this does not occur before the lower limits of modulation
are reached, one must realize that the curve may deviate from a true
derivative. In light of the aforementioned factors, consider the actual
operating regime used to study N,. The structure in the total scattering
cross section at low energy for N, is of the order of 200 millielectron
volts (meV) in width and is clearly visible with modulation voltages at
200 milli-volts. However, resolution improves as the amplitudes are de-
creased until the voltages are about 50mV. At this point, improvement in
resolution becomes insignificant. The lower 1imit for modulation while
studying vibrationally cold N, was about 20mV, however, with the gas pre-
excited, an increase in noise raised this level to 50mV. Thus under

these conditions one can be reasonably certain that the measured signal
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closely follows the derivative of the transmission function. It was
also found that best results were obtained by setting the two modulation
voltages equal.

The original LEEMA spectrometer, scattering cell and collector were
housed in a 304 (non-magnetic) stainless steel vacuum chamber equipped
with ultrahigh vacuum feed-throughs for electrical connections to the
gun elements. The chamber was evacuated using a Norton VHS-4 diffusion
pump backed by a Welch 1402 mechanical pump. In addition, the diffusion
pump was preceeded by a liquid nitrogen and a zeolite trap to reduce
backstreaming. The system was bakeable to 300°C and after bakeout
achieved a base pressure on the order of 10-° torr. The gas supply
system in the original configuration was designed to allow precise con-
trol of a very Tow mass flow of gas to the scattering region. Gas flowed
out of the cellvia the two small openings needed for the electron beam.
For the study of pre-excited species it would be desireable to excite
the gas and then instantly move the gas into the scattering region for
study. This would insure the maximum number of excited species for study
since there would be no time for deactivation. Since the gas cannot be
moved instantly, an effort should be made to move the gas from the exci-
tation region into the scattering cell in the shortest time possible. To
do this high flow velocities are needed, coupled with the shortest dis-
tance possible from the excitation region to the scattering region. Thus,
the modifications to the LEEMA were aimed at achieving these two goals
without degrading the ultrahigh vacuum, ultraclean environment in which
the electron gun, etc. were housed.

To help maintain a clean environment, an electrodeless discharge

Tamp was chosen for the excitation system. The specific device used

-27-
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was an Evanson type microwave cavity?* with modifications as suggested
by McCarrol.25 Microwave power was supplied by a Litton magnetron
operating at 2.45GHz. With the power supplies available, the micro-
wave supply was capable of 200 watts cw operation. Under these power
conditions, the discharge tube which passes through the Evanson cavity
had to be constructed of quartz because of its low microwave absorp-
tion. To use a quartz tube and maintain a bakeable configuration,
quartz to metal seals were needed. Since direct quartz to metal seals
are difficult to fabricate, glass to metal seals were further graded
to quartz. To shorten the distance between the excitation region and
the scattering cell, the inlet system was redesigned so that the path
through the vacuum chamber to the scattering cell was as short as
possible. A modified vacuum chamber was purchased with two side ports
fitted with 2-3/4 inch flanges which allowed direct line-of-sight
access to the scattering cell. In order to move the microwave cavity
as close as possible to the scattering cell, a recessed “cup" was
designed to allow the side arms of the McCarrol cavity?S to extend
into the chamber and thus come within about 15cm of the scattering
region. Although the Evanson cavity?“ is more compact, it was felt
that the McCarrol cavity offered better discharge stability, better
power loading, and less chance of interference with detection elec-
tronics due to less radiated microwave power. After some fabrication
problems developed with a Kovar "cup", the design was changed to make
the "cup" an integral part of the discharge tube. Figure 9 shows the
resulting design along with the connections to the scattering cell.
The scattering cell used in the pre-excited gas study was modified
from the original to allow pump out connections to be made and a
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straight-Tine gas flow configuration to be established. OFHC copper

nipples were vacuum brazed to the scattering cell middle and then

PP

slip fit connections were made to the nipples. The distance from the
discharge region to the scattering region is approximately 15cm and
the gas flow is through 10mm i.d. quartz tubing except for the last
1.5cm which necks down to about 4mm i.d. Figure 10 is a diagram of
the completely modified system. Gas flow into the system was controlled
by valves which are numbered (1) through (7) in Figure 10. The gas flows
through a positive shut off valve (1) to a fine metering valve (2)
which controls the flow. During normal operation, valves (4) and (6)
by are closed and valves (5), (3), and (7) are open. Gas flow is thereby
diverted through the discharge tube and into the scattering cell, while
pressure in the manifold is monitored with the MKS Baratron. The
reference side of the Baratron is at the background pressure of the
chamber. The reference pressure was always low enough so that no error
was introduced into the Baratron readings by not having a "vaccum" on
the reference side. Most of the tubing in the manifold was rather
small diameter (4mm i.d.) which caused some problems when pumping out
these lines. Thus, all valves were opened except valve (1) during the
pump-out of the manifold. Gas lines to the gas bottles were first
»ough pumped with a well-trapped forepump, and then further pumped by
the main diffusion pump. Valves used in the inlet system were stain-
less steel bellows valves bakeable to more than 300°C.
Gas was pumped out of the scattering cell via approximately 10.2cm
of 9mm i.d. Teflon tubing which sets the 1imit on pumping speed on the

scattering cell. A Granville-Phillips 1 inch Gold Seal valve was
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connected to the Teflon tube and attached to the main chamber in a
manner that prevented the gas flowing out of the scattering cell from

back-diffusing into the main chamber. The Gold Seal valve was con-

nected to another vacuum chamber via Granville-Phillips ultrahigh
vacuum 1 1/2 inch i.d. flexible vacuum hose. This second chamber
simply served as a large conductance connection to the Welch model %
3102 Turbo Molecular pump. Background pressure was kept Tow by con- ]
tinuously pumping on the main chamber with the diffusion pump. The
system as shown in Figure 10 produced a ratio of scattering cell to
background pressure of greater than 1 X 10%. The system was assembled
AN for bakeout without the flexible hose connection from the turbo pump

to the main chamber and with the Baratron and microwave cavity removed.

T . b e T

A11 inlets were then blanked-off and the main chamber, discharge tube,
and gas inlet system were baked at 150°C for 36 hours. The lower tem-

] perature was used to reduce the chances of inducing additional strain

in the eleven graded seals of the discharge tube. After bakeout, E
chamber pressure was on the order of 10-° torr. After cathode activa-
tion and Baratron connections were completed, base pressure was usually
: slightly above 1 X 10-8 torr. The flexible hose connection between

the two chambers was also made following bakeout and the turbo started. }
The system was considered "ready" when the turbo chamber reached 10-8
torr pressure range. During operation, the Gold Seal valve was not {
opened until gas had been admitted to the scattering cell and main
chamber pressure was well above 10~8. This procedure reduced the
chance of possible contamination entering the main chamber from the

unbaked turbo chamber.
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The design of the gas handling system was aimed at achieving

three goals. These were: 1) retain ultrahigh vacuum performance, 2)
increase flow velccity Letween discharge region and scattering region,
and 3) optimize operating conditions for a scattering cell pressure
that maximized the derivative signal in N,. The Tatter is found by
differentiating equation (15) with respect to number density and

setting the result equal to zero. This yields, for maximum signal,
n AXo=1. (17)

The total cross section in nitrogen near 2eV ranges from 1.0 to
3.2 X 10-15cm? according to Golden.2! Taking AX = 2.5cm, the number
density which maximizes the derivative signal is 1.2 X 10!%/cm3 < n <
4.0 X 10* which at room temperature is eguivalent to a pressure of
4mtorr < P < 12mtorr. The first two goals were attained by following
a number of general procedures, such as types of materials used, size
of vacuum pump, etc. To achieve the latter goal required detailed
flow calculations to be made over rather complex geometry. Additional
problems arose in attempting to model gas flow in the system because,
over the working pressure range, gas flow was neither molecular nor
Poiseuille, but fell into the region Van Atta2® calls the "transition
region." At lower pressures, the flow should have been approximately
molecular in nature, so molecular flow equations were used as a
starting point. From these equations, the scattering cell pressure

can be written

P(scattering cell) = K<P(Baratron) (18)

By measuring pressures in the main chamber, turbo chamber and at the

-33-
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Baratron, and assuming reasonable values for the pumping speed in the
turbo chamber, K could be determined. Calculations showed that
equation (18) held reasonably well and that K wes on the order of 0.1.
Calculations also showed that the flow v2locity out of the discharge
tube was on the order of 200cm/sec. 5ince the precise pressure was
not needed, the fact that equation (18) held reasonably well was all

that was needed for the measurements.
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SECTION IV
RESULTS

A first step in the measurement was to attempt to anticipate the
signal that might arise from the presence of vibrationally excited
nitrogen in the scattering cell. To precisely determine the signal
expected, a knowledge of the total scattering cross sections for
N,(v>0) is required along with the population distribution in the
scattering cell. Since only the general behavior of the derivative
signal was desired, reasonable approximations for the above would
suffice. Species entering the scattering region from a microwave dis-
charge may include ions, metastables (electronically and vibrationally
excited), and dissociation products.2? 1In a nitrogen discharge, the
only species which reached the scattering region in significant amounts
are Np(v20) and N.28 The amount of N atoms reaching the scattering
region is probably less than 1% of the N,(v=0) number density,27 so the
predominate energetic nitrogen constituent should be N,(v>0). Due to
v-v exchange collisions, the nitrogen vibrational level distribution

in a microwave discharge is in general non-Boltzmann,2° however the
distribution of the lowest few levels can be adequately described by a
Boltzmann distribution.3% A number of workers have used low power
microwave cavities of the type used in this work to vibrationally excite
N,, and have determined, at least, the v=1 number density under a
variety of experimental conditions.27529,31 The number density of
N,(v=1) molecules can be expressed as n(v=1)/n(v=0) = exp[-e/Tv]29
where 0 is the characteristic excitation energy of the first

vibrational level of the molecule, and under the assumed Boltzmann




g

distribution over the lowest levels, Tv is the vibrational temperature.
For N,, © = 3353.3°K using the molecular constants from Herzberg. 32
The measurements of the number density of N>(v=1, or higher) yield
vibrational temperatures that vary from 1000°K to 6000°K, but more
recent measurements29:31 fall in the range of 1000°K to 3000°K and
most of the data from reference 29 lies in the range of 2000°K to
3000°K. Thus it was assumed that the vibrational temperature of
nitrogen in the discharge was between 2000°K and 3000°K.

To calculate the vibrational temperature of the gas in the scat-
tering cell is a difficult problem. Since the nitrogen ground state
does not possess a permanent dipole moment, the vibrational levels are
metastable so the primary "cooling" mechanism in the experiment is
wall deactivation. Unfortunately, the amount of wall deactivation is
difficult to calculate because it is dependent on wall conditions,
tube geometry, flow conditions, impurities in the gas, and a host of
other variables.3! Another probiem is that the discharge is not a
point discharge but tapers off for a considerable distance down the
tube. In spite of these difficulties, a calculation was made following
the outline of Black et al.31 The discharge tube was assumed to behave
as a 1.0cm diameter tube 13.5¢m long followed by a .386cm diameter tube
1.5cm long. For a tube of ry, Black et al3! show that the equation
governing the number density of the v=1 level far downstream of the

discharge is
n = R(r)exp(-ox/ry) (19)

where r is theradial coordinate, x is distance down the tube and o is
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the decay constant for the upper level. The differential equation for

R(r) is

ro2(R"+R'/r)+a(at+rov/D)R = 0 (20)

where v is the velocity of the gas and D is the constant interdiffusion

coefficient. The boundary conditions on R are given by

R=0atr=0 (21)
R+SroR' = 0 at r = rg (22)
where
§ = 4(1-y/2)D/ycry, (23)

y is the deexcitation coefficient, and ¢ is the mean molecular speed.
Black et al solve equation (20) for laminar Poiseuille flow; however,
the conditions in this experiment are closer to molecular or slug

flow. Thus in equation (20) v is replaced by vy and the solution can

be written33
R = CyJo(Ar)+C,Yo(Ar) (24)

where Jy and Y, are Bessel functions of the first and second kind and

A is given by
A= [a(aﬂ'ovo/D)]%/r‘o (25)

Applying the boundary conditions (21) and (22) to equation (24) gives
C, = 0 and

Jo(Arg)-8roAdi(Arg) = 0 (26)

=37




Equation (26) thus relates o, the decay constant, to y, the deexcita-

tion coefficient, through equations (23) and (25). The solution of

of equation (26) was calculated as follows: Using the deexcitation
coefficients measured by Black et al® for quartz and copper, and their
interdiffusion coeffieient, § was calculated. Then using this §,
equation (26) was solved for A by Newton's method.3% The Bessel fun-
ctions were evaluated by series at each point in the iteration. Using
the tube sizes given and flow velocities of 200cm/sec in the large
tube and 700cm/sec in the small tube, the result was that approximately
20% of the N,(v = 1) molecules reach the scattering region from the
discharge. It was felt, however, that due to the ultraclean system
used in this experiment, the figure arrived at might well be the min-
imum survival figure. Using the minimum values for the deexcitation
coefficients (staying within the estimated error) measured by Black

et al, the percent that survive is found to be 50%. It is felt that
this higher figure is probably closer to the true value, so taking an
average of the two gives roughly a 35% survival figure. It should be
stressed that the confidence in this figure is poor and the true value
may differ from the above by a factor of 2 either way. Using the 35%
survival figure, the resulting range of vibrational temperatures in
the scattering cell is from 1300°K to 1547°K; however, due to the large
uncertainty in the deactivation calculation, the range was extended
from 1000°K to 2000°K. Thus the assumptions for the vibrational dis-
tribution in the scattering cell are 1) the distribution is Boltzmann
and 2) the vibrational temperature ranges from 1000°K to 2000°K.

To predict qualitative behavior of the derivative signal with
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vibrationally "hot" N, in the scattering cell, approximations for the

, higher level cross sections are needed. Since no calculations existed

at the time, it was assumed that the cross sections from the upper

levels were the same size and shape as the ground state only shifted
Tower in energy. The reason for the shift to lower energy can be seen
from Figure 2 and the discussion in section II. Since less energy is
required to form the N; state from a higher vibrational level of Ny,

resonant phenomena should occur at lower energy. The amount each cross

T A T e W LT R yram ey -~

section was shifted was equal to the energy of the particular vibra-

tional level above v = 0. To obtain an analytic representation of the
5 v = 0 cross sections, each vibrational level of N, was treated as an

isolated resonance and a modified Breit-Wigner3> formula applied to it.

Thus for the it tevel of N3, the resonant cross section was written

r2/4

0.~(E) = W, (27)
i Y (E-E,.)2 + I2/4
i0
and the total scattering cross section for N,(v=0) was written |
N

In equation (27), I' is the width of the resonance, Eio is the energy

of the resonance measured with respect to v = 0 level of N,, and wi is

an adjustable constant. The values for T, Eio's, and Ni's were ob-
tained from a best fit to Golden's data?! for N=7 in equation (28).
Figure 11 shows a plot of the function along with Golden's data taken
from Kieffer.36 While the function is seen to fit well in the central
region, the fit is somewhat poorer in the "wings" of the cross section.

For the higher level cross sections, equation (28) was generalized to
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oj(E) =

oij(E) (29)

where the index j also generalized the energy term in equation (27) to
E... This term now represents the energy of the resonance measured

1
with respect to the jth

vibrational level of N,.

To simulate the derivative signal, equation (29) was substituted
into (2) along with the respective number densities for the various
vibrational levels generated from aBoltzmanndistribution. Only
v=0,1, and 2 were included in equation (2) because of the low vibra-
tional temperatures expected. Equation (2) was then substituted into
equation (12) and the result numerically integrated with a normalized
Maxwellian to simulate the energy distribution of electrons, F(E - E').
The results of these calculations are shown in Figures 12, 13, 14, and
15 for vibrational temperatures of 300°K (no excitation), 1000°K,
1500°K, and 2000°K. The signal scale is arbitrary and the values of
E, and E; in equation (12) were 0.1leV and 0.15eV, respectively, and AE
was set to 0.05eV. This corresponded to equal modulation on the RPD
grid and scattering cell of 50meV. Pressure in the cell was set at
8mtorr. The features which appear just below (in energy) the first
minimum in the derivative curve were thus expected to indicate the
presence of vibrationally excited nitrogen in real data.

The next step in this phase of the project was to attempt to
observe scattering from vibrationally excited nitrogen. After much
experimenting with the microwave cavity, its operating regime was
finally found and measurement begun. Matheson ultrahigh purity ni-
trogen was used, and with this gas it was found that a discharge

could be maintained at a pressure above about 10mtorr with about 80
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watts of microwave power. As discussed earlier, modulation voltages
above 50mV will cause the signal to deviate from a true derivative,

and while it was possible to obtain data at these voltages with a
microwave discharge, the confidence levels on the instrumental drift
while the discharge was on were not clearly established. Consequently,
modulation voltages of 100mV were used, which allowed the use of shorter
integration times and thus minimized the effects of drift. This would
yield a curve that would be a good first approximation to the deriva-
tive and would allow the Timits on the instrumental drift to be estab-
lished. Figure 16 shows a plot of the signal obtained from pre-excited
nitrogen. Pressure in the inlet system was 145mtorr, which corresponds
to a scaitering cell pressure of about 15+3mtorr and a pressure in the
discharge region of about 24+5Smtorr. Microwave power was about 100
watts. The curve can be compared to Figure 17 which was taken at about
the same pressure with no pre-excitation. The most significant differ-
ence in the curves in Figures 16 and 17 is the appearance of new struc-
ture in Figure 16 (labeled "A") preceeding the usual first minimum in
the signal seen in the "cold" gas curves (Figure 8). Another, more
subtle difference is a slight dip (labled "B") in the curve about 0.5eV
Tower in energy than the first cold gas minimum. The curves in Figures
14 and 15 show similar lower energy structure. The first vibrational
level in N, lies about 0.29eV above the ground state while the v = 2
level lies about 0.58eV above v = 0. The relative energy scale was
measured directly with a digital volt meter while the absolute scale

was fixed by considering the onset of current in the device as E = 0.

This was also checked using the MRPD mode and comparing the energy at
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which the second minimum in the transmission occurred with the second
peak in Golden's cross section measurement.2! The structure at "A"
lies about 0.25eV below the first "cold" gas minimum, while the struc-
ture at "B" lies about 0.5eV Tower in energy. Since the modulation
voltages were set at 0.leV, these values are within the instrumental
uncertainty of the values of the vibrational spacing of N,. Thus it
appeared that these structures were the result of scattering from
vibrationally excited N,. The next step was to increase resolution
and try to clearly resolve the structure. It was discovered at this
point that two things had occured: 1) The contact potential of the
instrument had changed by about 0.3eV and 2) the no-gas transmission
curve (equation (6) with g(E') = 1) had changed drastically. It was
found that the changes were permanent, and no amount of readjustment
of the electron beam focusing could reverse them. Since this effect
had not been observed previously, and the N, pressure during the run
was the highest used with the microwave discharge on, it was felt that
something from the high pressure discharge had contaminated the elec-
tron gun. Since the system had been baked and was considered clean

(3 X 10-%torr), and the gas used was ultrahigh purity, it was suggested37?
that one possible cause for the changes was the reaction of atomic
nitrogen, produced in the discharge, with the copper gun elements to
form copper nitride. This would have the same effect as any surface
contaminant whose conductivity differed from copper. Therefore it was
decided to reduct the N, number density, yet still maintain a discharge,
by using a 50-50 Ny-He mix. The form of the double modulation

signal from a gas mixture is found by substituting equation (2) into
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equation (16) which yields

= . . . . @—.

Golden and Bandel have measured the total scattering cross section for
helium using modified Ramsauer technique, and find that in the range
0.2eV to 6.0 eV the cross section is almost constant and is approxi-
mately equal to 5 X 10-16cm2.38 Therefore, the helium derivative term

is approximately zero and equation (30) simplifies to

do
- . L N
S(E) = -OE-1o-AX-g(E+E1) ny —7% pyp - -

Thus, the shape of the curve from the N,-He mix should be approxi-
mately the same as from pure N,.

At this point it was decided to try to set better limits for the
value of K in equation (18) and insure that the addition of helium had
not drastically changed the flow characteristics of the system. The

functional dependence of equation (31) on pressure can be written
S(E,n) = Cy(E)+n-exp(-C,(E)+n) (32)

where C; and C, are constants for a fixed energy. C,(E) can be written
Co(E) = 8X+(oy (E)4ay, (E)) (33)

where 0N2 and Ohe 2re the total scattering cross sections for N, and
He at energy E. In equation (32), n is the partial pressure of N, in

the scattering cell and can be written

13
ns K'PB(mtorr)~3.218X10 (34)
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where PB is the partial pressure of N, at the Baratron and K is the

constant in equation (18). To determine K, the derivative signal was
measured as a function of PB at three different peaks in the signal.

The data from each peak was then least-squares fit to the function
S = a-Pgeexp(-b-Py) (35)

and a and b determined. Figure 18 shows a plot of the data from the
second minimum of the derivative signal (see Figure 8). From equations

(32), (34), and (35) it can be seen that b is given by
13
b = C,+K:3.218X10 . (36)

Values for C, were determined from equation (33) using the °N2 values

of Golden2?! and using o, =5 X 10"16cm2 from Golden and Bandel.38 The

H
values determined for b :nd the corresponding values of C, are shown
below.
1st minimum: b = 0.0189 C, = 6.38X10715
2nd minimum: b = 0.0253 C, = 8.25X10"15
2nd maximum: b = 0.0261 C, = 8.38X10715

These values yielded an average value for K of 0.095+.002. Thus it
appeared that a value of K of 0.1 was a reasonable estimate of the
ratio of scattering cell pressure toBaratron pressure.

Figure 19 shows the signal from the 50-50 mix with no microwave
excitation (19a) and with about 110watts of microwave power applied to

the discharge (19b). The partial pressure of N, in the scattering

-51-

had




e

JAILYATY3A °N 40 WNWINIW GNOJ3S WO¥4 TYN9IS 40 FONIANIJIC NSSId - 8T N9l

CHMOLITIIND NOMLENME Lb N3SOMLIN 40 3MNSSINd 1L ._

E B 2 & o = A
B B ] ] B B,

M

Yot _.

i

e ._*

|

{aa-e

1E8°h

CSLINT “BA) HNEIS J0 ITHA LTS
<52




SIGNAL (ARBITRARY UNITS)
+
o —

]
—

SIGNAL (ARBITRARY UNITS)
+
o -

1
—

MODULATION: S.C. = 100mV
RPD = 100mV
N2 PRESSURE = 6+1 mTORR

L 1 1 o o J
s 2 3 4 6
ELECTRON ENERGY (eV)
U MODULATION: S.C. = 100mV
RPD = 100mV
N, PRESSURE = 6+1 mTORR

>

-

MICROWAVE POWER = 100 W

L 1 Lo

-

ELECTRON ENERGY %ev) ke,
DERIVATIVE SIGNAL FROM “NORMAL” (A) AND
“PRE-EXCITED” (B) 50-50 N,-He MIX

FIGURE 19
-53-

(A

(B)




region is about 6+1mtoor. Comparisons of peak amplitude values between Figures

16 and 19 is not possible since the gun characteristics and pressure
were different, however the general features of the curves are similar.
Both show the feature labeled "A" in Figure 16 and there is also a hint
of the "B" structure in Figure 19. The fact that these structures are
smaller in Figure 19 is to be expected since the N, pressure was smaller
by a factor of two. Another attempt was made to make some careful
measurements of the structure; however, it was again found that the

gun characteristics changed after the discharge was on. The changes
this time were smaller, so the next logical step was to further reduce
the N, partial pressure. This time a 90-10 He-N, mix was used and new
curves were taken. Figure 20 shows data taken with this mixture; 20a
with no excitation and 20b with approximately 140 watts microwave power.
The partial pressure of N, in the scattering region was about 2.3+.5mtorr.
As before, the “hot" gas curve shows the Tow energy structure seen in
Figures 19 and 16. An encouraging discovery was that in this case the
gun characteristics did not change after the discharge was on. Thus,

it appeared that using this gas mix would allow the structures to be
carefully measured.

Attempts to measure the transmission function for vibrationally
excited nitrogen using the MRPD mode proved fruitless. Slight differ-
ences in the electron gun characteristic with and without the micro-
wave discharge on completely masked any change in the transmission
function due to vibrationally excited species. Particularly trouble-
some were dc shifts in current, i.e. the current increased by a constant
value throughout the range. While these shifts did not grossly affect

the derivative signal, they made MRPD measurements impossible. By
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comparing the measured signal with the synthetic derivatives in

Figures 12 through 15, it was possible to estimate the size of cross
section for N, (v = 1) below the energy of the onset of N, (v = 0)
scattering. From the modeling, it appears that the cross section for

N, (v = 1) is probably on the order of 2.5X10-15cm2 at 1.75eV as com-
pared to 1.5X10-15cm2 for N, (v = 0). To accurately measure the total
scattering cross section for N, (v = 1) it must be possible to accurately
determine the vibrational temperature in the scattering cell and vary

the temperature at will. Neither were found possible during this

research effort.
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